ABSTRACT: We studied the prey selection and feeding physiology of a non-symbiotic-containing ciliate Mesodinium pulex (Class Litostomatea). In an experiment to test feeding and growth with a variety of prey, M. pulex ingested all 5 species of cryptophytes and the autotrophic dinoflagellate Heterocapsa rotundata offered as food. Despite this, it only grew on the cryptophytes Teleaulax sp. and Guillardia theta and the dinoflagellate, because ingestion rates of the other prey cells, even at very high prey concentrations, were too low to support growth. The numerical and functional responses of M. pulex fed H. rotundata were investigated in the laboratory in the light (100 μmol photons m -2 s -1 ) and in the dark. In the light, the growth rate was significantly higher than in the dark at all prey concentrations. Active photosynthesis was measured in M. pulex but our rates could not explain the increased growth rates in the light, which, instead, were mainly explained by elevated ingestion rates. We also studied the starvation response at irradiances of 100 and 50 μmol photons m -2 s -1 and in the dark. M. pulex survived for up to 2 wk without food, but mortality rates in the light were higher than in the dark.
INTRODUCTION
The ciliate genus Mesodinium (Stein 1863) belongs to the Order Cyclotrichiida (Class Litostomatea; Lynn 2008) . Presently, the genus includes the red M. rubrum (Lohmann 1908) Hamburger & von Buddenbrock 1911 (= Myrionecta rubra) , which forms symbiosis with cryptophytes belonging to the Teleaulax /Geminigera clade (e.g. Garcia-Cuetos et al. 2010 ) and 6 species without symbionts: M. pulex Claparède & Lachmann 1858 , 1859 , M. acarus Stein 1867 , M. fimbriatum Stokes 1887 , M. cinctum Calkins 1902 , M. pupula Kahl 1935 , and M. velox Tamar 1986 .
Mesodinium acarus, M. fimbriatum and M. pulex have all been observed in freshwater, but at least M. acarus and M. pulex have also been observed in brackish and marine waters (e.g. Foissner et al. 1999 ). The remaining species are commonly found in brackish and marine waters (Lindholm 1985 , Foissner et al. 1999 . Recently, Bass et al. (2009) reported that clones identified as M. pulex fall into 2 different phylogenetic clades, indicating the existence of additional undescribed species.
Our knowledge of which diet supports the growth of Mesodinium spp. derives mainly from studies of M. rubrum and M. pulex. M. rubrum has been shown to ingest many different species of cryptophytes (Gustafson et al. 2000 , Yih et al. 2004 , Park et al. 2007 , P. J. Hansen et al. unpubl.) . However, it can also feed on other types of prey (i.e. a dinoflagellate; P. J. Hansen et al. unpubl.) . Despite this, successful cultures of M. rubrum have so far only been established with cryptophytes within the Teleaulax clade as prey (i.e. Teleaulax amphioxeia, T. acuta and Geminigera cryophila; Gustafson et al. 2000 , Yih et al. 2004 , Hansen & Fenchel 2006 , Park et al. 2007 , P. J. Hansen et al. unpubl.) . M. pulex has so far been reported to feed on the dinoflagellate Heterocapsa rotundata and the ciliate Metanophrys sp., and successful cultures have been established on both types of prey (Dolan & Coats 1991 , Jakobsen & Strom 2004 , Jakobsen et al. 2006 . It has been shown to be a very inefficient grazer on the cryptophyte Rhodomonas salina or the dinoflagellate Protodinium simplex (= Gymnodinium simplex), mainly due to a very low successful capture rate. Also, it will not ingest artificial beads (Dolan & Coats 1991 , Carrias et al. 1996 . A recent study has suggested that M. rubrum also ingests bacteria (Myung et al. 2006) ; however, the mechanism of capture of the smallsized bacteria is unknown at this time and it is currently unknown if M. rubrum can sustain growth on bacteria.
Detailed physiological studies have only been carried out on temperate strains and an Antarctic strain of Mesodinium rubrum (Yih et al. 2004 , Johnson & Stoecker 2005 , Hansen & Fenchel 2006 , Park et al. 2007 , Smith & Hansen 2007 . This species, which forms symbiosis with cryptophytes, is predominantly phototrophic and can only grow in the light. Maximum growth rates are obtained at very low prey concentrations (1000 prey cells ml -1 ) and at very low food uptake rates (1 to 2% of total carbon uptake; Smith & Hansen 2007) . When subjected to sudden starvation, M. rubrum will perform 3 to 4 cell divisions and replicate its cryptophyte chloroplasts and, at least in some isolates, also its symbiont nucleus (Hansen & Fenchel 2006 , Johnson et al. 2007 , Smith & Hansen 2007 ). Thereafter, it is able to starve for up to a month depending on the incubation temperature. Very little is known about the physiology of the non-symbiontcontaining species, and their photosynthetic potential has never been studied (Jakobsen et al. 2006) . However, prior to this study, we observed that M. pulex cells are often filled with autotrophic food even after the prey has been depleted, indicating possible active photosynthesis.
The aim of the present work was to study the prey selection and feeding physiology of a non-symbiontcontaining Mesodinium species. We chose M. pulex because it is a very common species around the world (Al-Rasheid 2001) and because it is the only species which at the moment can be held in laboratory culture. We hypothesized that: (1) M. pulex is an omnivorous feeder that relies on its ability to sense and successfully catch prey cells, and (2) M. pulex can carry out photosynthesis in the light and this carbon uptake in light will increase its growth rate or allow it to survive better when suddenly starved.
MATERIALS AND METHODS
Culture of organisms. Mesodinium pulex was provided by the culture collection of the Marine Biological Laboratory (Helsingør, Denmark). It had originally been isolated from water samples collected from a boat launch near Shannon Point Marine Center, Washington, USA, by H. H. Jakobsen (Jakobsen et al. 2006) . Cultures of M. pulex were maintained on the dinoflagellate Heterocapsa rotundata unless otherwise stated. The organisms were grown at a temperature of 20 ± 1°C in enriched filtered (0.22 μm) f/20 seawater medium (Guillard 1983 ) at a salinity of 30 ± 1 psu without silicate. Light was provided by cool-white fluorescent light at a 14 h light:10 h dark cycle with an illumination of ca. 100 μmol photons m -2 s -1
. Other prey items (cryptophytes, see Table 1 ) used in some experiments were grown in enriched filtered h/20 seawater media, which is basically the same as f/20, except that it also includes ammonium (modified from h/2 medium ; Guillard 1975) , otherwise the growth conditions were as stated above. All cultures were nonaxenic.
Cell volume. Cell length and width of Lugol's solution-preserved organisms were measured in a Sedgewick-Rafter chamber under an inverted microscope at 400× magnification. Suitable geometrical forms of organisms were used and the cell volumes were calculated according to Hillebrand et al. (1999) . The following geometrical forms were used: a cone with hemisphere was used for Mesodinium pulex, Heterocapsa rotundata, Teleaulax sp. and T. amphioxeia, while a prolate spheroid was used for Guillardia theta, Hemiselmis rufescens and Hemiselmis tepida. The equivalent spherical diameter (ESD) was estimated by the equation: ESD = (biovolume/0.523) 0.33 . Carbon contents of M. pulex and the prey organisms were estimated with the carbon conversion factor: pg C cell Feeding and growth of Mesodinium pulex fed different prey items. This experiment was designed to test whether M. pulex was able to feed and grow on a variety of cryptophytes and a dinoflagellate (Table 1) . For comparison we ran control experiments with M. pulex in monocultures (thus exposed to starvation). Preliminary experiments had shown that some of the cryptophytes cannot grow on the f/20 medium, because they cannot use nitrate as an inorganic N-source. We therefore switched to the h/20 medium. Prior to the initiation of the experiments, M. pulex had been grown on Heterocapsa rotundata and allowed to deplete H. rotundata as prey (= residual prey concentrations less than ca. 5 cells ml -1
).
This experiment was carried out at an irradiance of 100 μmol photons m -2 s -1 . Preliminarily, the initial predator-prey concentration ratio was set at ca. 25:1250 cells ml -1 , to ensure sufficient prey in mixed culture during the experimental period (4 d). However, it turned out that Mesodinium pulex could not control the cryptophyte prey populations. We therefore used an initial predatorprey concentration ratio of ca. 200:1000 cells ml -1 (1:5 ratio) on Day 0. Monocultures of cryptophytes were initiated at a concentration of ca. 1000 cells ml -1
. Subsamples (5 to 10 ml) were withdrawn on Days 0, 2 and 4 from triplicates of 65 ml tissue culture bottles and cells were counted. After subsampling on Day 2, all experimental bottles were refilled to capacity with fresh filtered h/20 medium. In cases where prey populations had been almost depleted during the first 2 d of the experiment, additional prey was added to the experimental bottles. Only the cultures in which M. pulex displayed growth between Days 2 and 4 were allowed to continue to Day 6. During the experimental period, a Sentron ® pH meter (model 2001) equipped with a Red-Line probe (detection limit of 0.01 pH units) was used to measure pH in all experimental bottles. The pH meter probe was calibrated with Sentron buffers of pH 7 and 10.
The growth/mortality rate of Mesodinium pulex (μ y ) and prey cells (μ x ) was calculated assuming exponential growth/mortality: (1) where N 0 and N 1 are cell number at the start (t 0 ) and end (t 1 ) of each incubation experiment, respectively, and t is the time interval between samplings (d).
The ingestion rate U is the per capita ingestion rate, which is dependent on prey (x). This was estimated using the following 2 equations:
Ingestion rate of Mesodinium pulex was calculated assuming that predator (y) and prey (x) grow exponentially with rate constants of μ y and μ x , respectively. The decrease in prey due to grazing is U y . This ingestion rate was calculated using software as described in Jakobsen & Hansen (1997) .
Growth and ingestion rates of Mesodinium pulex were fitted to the Michaelis-Menten equation, using the software SigmaPlot 10 (Systat Software): (4) where μ max is the maximal growth rate of M. pulex, x is the actual prey concentration, x 0 is the threshold prey concentration for growth (where μ y = 0) and K μm is the prey concentration sustaining 1 ⁄ 2 μ max , and: (5) where U max is the maximal ingestion rate per M. pulex (prey cells predator
), x is the prey concentration (cells ml -1
) and K Um is the prey concentration sustaining 1 ⁄ 2 U max .
For statistical analysis, t-test analyses were used to test for differences found in rates between dark and light treatments. t-test and ANOVA were used to compare means (ingestion rate and growth rate) between each prey to zero and between each other, respectively.
Photosynthetic performance of Mesodinium pulex and the prey Heterocapsa rotundata. The photosynthetic performance of M. pulex cultures when fed the dinoflagellate H. rotundata was measured at an irradiance of 100 μmol photons m -2 s -1
. The photosynthetic performance was measured both in well-fed M. pulex cultures and in cultures which had almost depleted their prey. In the first case, M. pulex cells were separated from prey by individually picking the ciliates with a drawn Pasteur pipette and transferring them to 0.2 μm filtered growth medium. This was repeated 3 times to exclude all H. rotundata. In the second case, M. pulex cultures were allowed to almost deplete their prey, before bulk measurements of the mixed cultures were carried out (see Table 2 ). Subsamples were taken for enumeration of prey and M. pulex cells. This allowed for subtraction of the contribution of H. rotundata to the total photosynthe- (Stoecker et al. 1988 . A NaH 14 CO 3 -stock solution (specific activity 100 μCi ml -1 ) was then added to each vial, containing 2 ml cell suspension, resulting in a specific activity of ~1.0 μCi ml -1
. The 2 ml cell suspension contained either 20 or 40 ciliates when the cells were picked individually, while it contained in the range of 400 to 1300 cells when the photosynthetic performance was carried out on the mixed cultures (see Table 2 ). The vials were incubated on a glass shelf with light coming from beneath for 2 h. All measurements were carried out in triplicate. The vials were always accompanied by parallel dark vials, which were treated similarly, except that they were wrapped in aluminum foil during incubation.
After incubation, the specific activity of the medium was measured by transferring 100 μl from each vial to new vials containing 200 μl phenylethylamine. The remaining suspension received 2.0 ml of 10% acetic acid in methanol to remove all inorganic C. The vials were dried overnight at 60°C and the residue was then re-dissolved in 1.5 ml distilled water. Finally, 10 ml of Packard Insta-Gel Plus scintillation flour were added to all vials (including those for specific activity) and activity was measured using a Packard 1500 TriCarb liquid scintillation counter. Calculations of photosynthetic rates were based on Parsons et al. (1984) . Total dissolved inorganic carbon content was measured with a 225-Mk3 infrared gas analyzer (Analytic Development).
Functional and numerical response in the light and in the dark. These experiments were designed to test the effect of light on growth and ingestion rates of Mesodinium pulex. Heterocapsa rotundata was selected as prey based on the prey selection experiments. Experiments were initiated by mixing exponentially growing cultures of M. pulex and H. rotundata. Cultures of H. rotundata were also run as monocultures, thereby allowing the calculation of ingestion rates. All experiments were carried out in triplicate in 65 ml tissue culture bottles filled to capacity. The experiments were carried out in darkness (culture bottles were wrapped in aluminum foil), and at an irradiance of 100 μmol photons m -2 s -1
. Irradiance was measured using a LI-COR, LI-1000 radiation sensor equipped with a spherical probe. The initial prey concentrations during these experiments were approximately 450 to 18 200 cells ml -1 and a prey:predator cell concentration ratio of >10 (based on preliminary data). The initial 2 d of the incubation served as acclimation to light and prey concentration. Subsamples (5 to 10 ml) were taken for cell counts every 1 to 2 d, depending on growth rates, during the experimental period (3 to 6 d) at a fixed time of day to eliminate potential diurnal variations in ingestion and growth rates of M. pulex. Subsamples were fixed in Lugol's solution (final concentration 1%) and counted on an inverted microscope at 100× magnification. A Sedgewick-Rafter chamber was used for counting when cell densities were > 200 cells ml -1
. Otherwise, 2 ml or sometimes 25 ml sedimentation chambers were used in cases where cell numbers were lower. To avoid pH affecting the growth of H. rotundata and M. pulex, pH was monitored during all the experiments with high prey concentrations (> 8000 cells ml -1 ), directly in bottles. Subsequently, the experimental bottles were refilled to capacity with fresh filtered f/20 media. To keep prey concentrations stable and to avoid effects of pH, dilution of the experimental bottles and/or addition of prey cells was often required.
Responses of Mesodinium pulex to starvation in the light and in the dark. This experiment was designed to examine whether or not light affects growth/survival responses of M. pulex when starved. This experiment was conducted in darkness, and at 100 and 50 μmol photons m -2 s -1 for 18 to 21 d. Initial predator-prey concentration ratio was ca. 200:2800 cells ml -1 . Monocultures of Heterocapsa rotundata were also run parallel with all mixed cultures. The experiments were adapted to each irradiance level for 2 d (Days 0 to 2). Subsamples (5 to 10 ml) were collected on Days 2, 3 and 4, and thereafter every 2 d until the termination of each experiment, and the experimental bottles were filled to capacity with fresh filtered f/20 media. The mortality rate was calculated in the same way as growth (see previous section). For comparison between light treatments, t-test analyses were used to test for differences between means. Mean values were averaged using only data after Day 4 (= prey concentration below detection limit).
RESULTS

Feeding and growth of Mesodinium pulex fed different prey items
The culture of Mesodinium pulex subjected to starvation decreased in cell concentration throughout the duration of the experiments and estimated mortality rates were in the range of 0.85 to 1.07 d -1 after Day 2 (Figs. 1A & 2A) . In the experiment where M. pulex was fed Heterocapsa rotundata at an initial prey concentration of 1000 cells ml -1 , the ciliate almost depleted the prey during the first 2 d of the incubation and negative growth of the ciliate was observed (-0.02 d -1 ) (Fig. 1B) . Additional prey was therefore added on Day 2, thereby . On Day 4, the prey populations had been considerably reduced, and M. pulex had grown at an average rate of 0.78 d -1 during this period ( Fig. 2A) . Additional prey was not added on Day 4, which led to a depletion of prey on Day 6, and a decrease in M. pulex concentration.
The response of Mesodinium pulex to the cryptophytes was quite different than to that to Heterocapsa rotundata. M. pulex ingested all of the offered species; however, it was unable to control the growth of any of them (Figs. 1 & 2) . Significantly higher ingestion rates were obtained with Teleaulax sp. as prey (22 to (Table 1 ) allowed ingested biovolume in each case to be calculated (Fig. 2C) . From this, it is evident that the difference in growth rates on the different prey is reflected in different levels of ingestion rates (in terms of biovolume; Fig. 2C,D) . ). However, this growth rate was obtained at a much higher cell concentration than when M. pulex was fed Heterocapsa rotundata (Figs. 1 & 2) . M. pulex also grew well when fed Guillardia theta, although growth rates were significantly lower (0. (Fig. 2D) .
The pH of the medium was monitored in both monocultures and in the mixed cultures throughout the duration of the experiments (Fig. 3) . In the mixed cultures, it remained below pH 8.1, except for the mixed culture with Teleaulax sp. as prey. Here it increased to pH 8.6 at the end of the experiment. In the algal monoculture, pH increased to reach high values in the cases of Teleaulax sp. and Heterocapsa rotundata (pH 9). This coincides with the entry into stationary growth observed in the monocultures of these species between Days 4 and 6 (Fig. 1B,F) .
Photosynthetic performance of Mesodinium pulex and the prey Heterocapsa rotundata
The photosynthetic performance of Mesodinium pulex was 2.3 ± 0.86 pg C cell -1 h -1 (average ± SE) when fed the dinoflagellate Heterocapsa rotundata in excess at an irradiance of 100 μmol photons m -2 s -1 (Table 2 ). This is equivalent to a daily rate of ca. 32 pg C cell -1 (14 h light:10 h dark cycle). In M. pulex cultures that had just about depleted the prey in mixed cultures, the photosynthetic performance was much lower, 0.37 ± 0.08 pg C cell -1 h -1 (average ± SE) ( Table 2 ). This is equivalent to ca. 5.2 pg C cell -1 d -1 . For comparison, the photosynthetic performance of H. rotundata cells in monocultures was 3.76 ± 0.18 pg C cell -1 h -1 or 52 ± 2.7 pg C cell -1 d -1 (average ± SE, n = 21).
Functional and numerical responses in the dark and in the light
The functional response of Mesodinium pulex fed Heterocapsa rotundata was investigated in the light (100 μmol photons m -2 s -1
) and in the dark (Fig. 4A) (Fig. 4A) .
The growth rate of Mesodinium pulex fed Heterocapsa rotundata followed Michaelis-Menten kinetics both in the light and in the dark (Fig. 4B) , which was significantly (t-test, p < 0.01) lower than the maximum growth rate obtained in the light (Fig. 4B) . Maintenance (μ = 0) in the dark was obtained at a prey concentration of ca. 10 cells ml -1 , which was also lower than that found in the light.
Response of Mesodinium pulex to starvation in the dark and at 2 light levels
The effect of starvation on survival and cell volume of Mesodinium pulex when exposed to irradiances of 100 and 50 μmol photons m -2 s -1 and to darkness was studied (Fig. 5) . During the acclimation period (Days 0 to 2), prey concentrations were high in all cases, leading to initial high growth rates of M. pulex (Fig. 5D) . Prey was depleted on Days 3 and 4 in the light and in the dark, respectively, and M. pulex subjected to sudden starvation. Initial growth rates were 0.99, 0.95 and 0.71 d -1 (Days 0 to 2) for the light treatments (100 and 50 μmol photons m -2 s -1 ) and the dark, respectively. These initial growth rates changed to mortality rates of 0.55, 0.62 and 0.09 d -1 for the light treatments (100 and 50 μmol photons m -2 s -1 ) and the dark, respectively, during Days 4 to 6 (Fig. 5D ). After Day 6, the mortality rates stayed fairly constant over the next 10 to 14 d, maybe with the exception of a slightly increased mortality rate from 0.46 to 0.73 d -1 during Days 12 to 16 in the light treatments. From Day 6, the mortality rates in the light treatments were significantly higher than in the dark (t-test, p < 0.05). No difference in the mortality rates between high light and medium light was apparent in the same period (t-test, p > 0.05).
The cell volumes of Mesodinium pulex decreased slightly from Day 2 to Day 6 of the starvation experiment in all treatments (Fig. 5E ). After Day 6, the cell volumes were constant. The observed changes were not significantly different among treatments (t-test, p > 0.05). Growth/survival experiments were also carried out on monocultures of Heterocapsa rotundata in the 2 light levels and dark to follow the fate of the prey organisms in the 3 treatments (Fig. 5A-C) . In the high and medium light treatments, H. rotundata grew at a rate of 1.11 and 0.90 d 
DISCUSSION
Prey selection in Mesodinium pulex
All Mesodinium species are phagotrophic and they seem to rely on motile prey for food (e.g. Dolan & Coats 1991 , Gustafson et al. 2000 , Jakobsen et al. 2006 . Prey capture in M. pulex has been studied in some detail (see Jakobsen et al. 2006) . The motile prey is detected by a band of equatorial cirri encircling the cell, which sense hydrodynamic disturbances of the medium made by the swimming prey. Upon detection, M. pulex immobilizes the prey cell using the oral tentacles, which have extrusomes attached to each tentacle tip (Lindholm et al. 1988 , Dolan & Coats 1991 , Tamar 1992 , Jakobsen et al. 2006 . The prey is then transported to the mouth by retraction of the tentacles (Jakobsen et al. 2006 In our study, Mesodinium pulex successfully ingested all the offered prey organisms, which were in the size range of 4.7 to 6.3 μm (ESD). However, the ingestion rates varied in terms of both cells h -1 and biovolume h -1 , allowing the ciliate to grow only when fed 2 out of the 5 different prey species offered. Previously, it has been shown that M. pulex cannot ingest algae like the haptophyte Phaeocystis globosa (4 μm, single cells) or the cryptophyte Rhodomonas salina (ESD 7 μm) (Tang et al. 2001 , Jakobsen et al. 2006 . Also, quite low ingestion rates were obtained with the dinoflagellate Protodinium simplex (ESD 9 μM) as prey. This raises the question of what causes this differentiated ingestion rate of quite similarly sized prey cells. Jakobsen et al. (2006) showed that fast-swimming prey like the dinoflagellate Protodinium simplex will make a high hydromechanical signal in the water that disguises it as a predator and the ciliate performs jumps upon encountering it in the same way as it does when escaping an approaching predator. None of the cryptophytes studied in the present investigation were particularly fast-swimming cells, so that explanation can be ruled out. However, since Mesodinium pulex feeds rheotactically on motile prey, swimming prey cells need to generate a sufficient deformation rate to trigger an attack. Thus, slow swimming among prey cells may be a strategy aimed at reducing detection. This leaves us with 2 possible mechanisms that can account for the low capture success of M. pulex on the cryptophytes. Either the ciliate is unable to physically capture the prey cells or cells are able, to a large extent, to evade being caught by jumping away from the ciliate or by reducing their deformation rate due to slow swimming.
Physical capture of prey cells by Mesodinium pulex involves 3 overall steps: prey immobilization using the extrusomes, followed by adhesion of the prey to the tentacle tips, and finally ingestion of the prey (Jakobsen et al. 2006) . At each of the capture steps, there is a chance that M. pulex will fail to ingest the prey. Jakobsen et al. (2006) demonstrated that M. pulex paralyzed the cryptophyte Rhodomonas salina less efficiently than it did the dinoflagellate Heterocapsa rotundata, indicating that the initial attack is an important step in the capture success of M. pulex. However, attaching prey to the tentacles may involve a complex and often highly specific recognition process between prey surface lectins and glycoprotein binding sites on the predator that acts as a prey discriminating component in itself, as has been shown for other protists (Sakaguchi et al. 2001 , Wootton et al. 2007 ). Our visual investigation in the inverted microscope did not suggest that the cryptophytes we offered to M. pulex could escape by jumping away from the ciliate upon attack. Hence, the low capture success is most likely a product of both the inability of the extrusomes to properly attack the prey and an inefficient predator-prey match of binding glycoproteins and prey lectins.
If this explanation is true, why is the low capture success not compensated for by high concentrations of prey cells? Even though cryptophyte concentrations were very high in some cases, ingestion rates were still low. The reasons for this most probably lie in the Mesodinium spp. capture mechanism. As mentioned above, Mesodinium spp. use tentacles equipped with extrusomes (Lindholm et al. 1988) . Extrusomes can most likely only be fired once, after which they will have to be replaced. In Mesodinium spp. this probably means that new extrusomes will have to be transported to the tip of the tentacle. This process will put a maximum limit on the number of capture attempts made by the ciliate and may thus explain our results.
Effects of light on growth and ingestion by
Mesodinium pulex
Mesodinium pulex displayed considerably higher growth rates in the light (using a 14 h light:10 h dark cycle) compared to the dark, irrespective of prey concentration (Fig. 4) . This may suggest that it is mixotrophic and that it gains a considerable input in terms of carbon from photosynthesis. Rates of photosynthesis of M. pulex were ~32 pg C cell -1 d -1 in wellfed cultures, which is about 10 times lower than the rates measured in the predominantly photosynthetic mixotroph M. rubrum using the same techniques (Hansen & Fenchel 2006) . Using a growth efficiency of the carbon uptake due to photosynthesis of 50% in phototrophs , this suggests that 16 pg C will be available for M. pulex growth per day. For comparison, a M. pulex cell contains ~210 pg C (Table 3 ). The maximum growth rate of M. pulex in the light was ~1.4 d -1 or 2 doublings per day (Fig. 4B ). This means that the expected growth increase due to photosynthesis of a well-fed M. pulex culture is less than 4%. Thus, the increased growth rates in M. pulex in the light were by and large due to increased ingestion rates in the light (Fig. 4) .
The finding of increased ingestion and growth rates in Mesodinium pulex in the light is not unique among heterotrophic protists, although very little information is presently available. Elevated ingestion and growth rates in the light compared to in the dark (or very low irradiance levels; i.e. ≤ 20 μmol photons m -2 s -1 ) have previously been shown for a heterotrophic dinoflagellate, Gymnodinium sp. (Skovgaard 1998) , and 2 ciliates: Coxliella sp. and Strombidinopsis acumicatum (Strom 2001) .
Effects of light on ingestion and growth can be due both to direct effects of light on digestion rates and to indirect effects on food quality. Our growth and grazing experiments were not designed to differentiate between direct and indirect light effects, such as prey quality, or prey carbon content etc. However, Strom (2001) found a direct positive effect of light on the ingestion rates of 2 ciliate species, which increased by a factor of 2 to 7 at all irradiances ≥ 20 μmol photons m -2 s -1
, using short-term incubations (min) and fluorescently labeled algae (FLA) as prey. Thus, although very few data are available on light effects on ingestion and growth of heterotrophic ciliates, these data tend to suggest that our observations of increased ingestion and growth rates in the light can at least partly be explained by direct light effects on ingestion rates. What causes the increased ingestion rates in the light? Previous studies on the topic have suggested 'light aided' digestion of prey (Skovgaard 1998 , Strom 2001 ). This is not unlikely because it is well established that dissolved organic matter is photochemically degradable (reviewed by Moran & Zepp 1997) . No data are however available on the effect of light on digestion rates in heterotrophic protists, apart from those of Strom (2001) , who found a 40-fold increase in loss of food vacuoles (a proxy for digestion rate) of the heterotrophic dinoflagellate Noctiluca scintillans in the light compared to in the dark, when fed algal prey. More research on this topic is required to determine if this might be a general phenomenon among heterotrophic protists.
Survival response in the light and in the dark
Mesodinium pulex cultures which were allowed to deplete their prey to very low cell concentrations displayed very low rates of photosynthesis (Table 2) . Also, when M. pulex was subjected to starvation, it survived better in the dark than in the 2 light treatments in our experiments. Thus, we can reject our hypothesis that photosynthesis in the light slows down mortalities compared to in the dark. Previous studies of survival responses of algivorous heterotrophic protists (2 ciliates and 1 dinoflagellate) have not been able to demonstrate any differences between light and dark treatments (Skovgaard 1998 , Strom 2001 . So why does M. pulex differ so much from the other species tested?
Mesodinium pulex is known to ingest prey of its own size (i.e. the ciliate Metanophrys sp., Dolan & Coats 1991) and has very recently been shown to be cannibalistic (Ø. Moestrup et al. unpubl.) . None of the species tested by Skovgaard (1998) and Strom (2001) have been reported to be cannibalistic. Thus, if M. pulex indeed eats its own kind when starved, and if ingestion and digestion rates in the light are higher compared to those in the dark, this may explain the higher mortality rates observed in the light. This question would be worth studying in much more detail.
Can Mesodinium pulex be considered a mixotrophic species?
The estimated growth increase due to photosynthesis in Mesodinium pulex in the present study was less than 4% d -1 and the observed growth increase in the light could be explained by increased ingestion rates in the light compared to in the dark. Also, we found no evidence that M. pulex could survive better in the light compared to in the dark; in fact this ciliate survived better in the dark. Thus, we have no proof that photosynthesis is 'nutritious' for M. pulex. Therefore, on the basis of the existing data, we have to consider M. pulex a heterotrophic species, where the prey inside the food vacuoles is photosynthetically active for a short period of time.
The maximum growth rates of Mesodinium pulex obtained in the present study are comparable to growth rates reported for other marine planktonic ciliates and heterotrophic dinoflagellates fed nanophytoplankton at a temperature of 15°C .
In the experiments where Heterocapsa rotundata was used as prey, threshold prey concentrations for M. , equivalent to 0.3-1.5 μg C l -1 , which is lower than previously reported for heterotrophic dinoflagellates and ciliates feeding on nanophytoplankton (typically around 6 to 17 μg C l -1 for optimally sized prey; Jakobsen & Hansen 1997) . In the experiments with other types of prey, threshold prey concentrations were much higher.
The ability to slow down metabolism is well known among ciliates and heterotrophic dinoflagellates (see discussion in Jakobsen & Hansen 1997) . We observed that Mesodinium pulex could survive for 12 to 16 d depending upon light conditions, which corresponds to between 28 and 34 times its minimum generation time. This is a long time compared to planktonic ciliates, which can usually only survive for 2 to 4 times their minimum generation time (Fenchel 1989 , Montagnes 1996 , Jakobsen & Hansen 1997 . Benthic ciliates, on the other hand, which live around the sediment -water interphase, are known to be much more resistant to starvation. Some species can even survive for up to 40 times their minimum generation time (Fenchel 1990 ). Thus, in terms of resistance to starvation, M. pulex are much more like benthic ciliates. This fits well with the fact that M. pulex is often detected in sediment surface samples (Foissner et al. 1999) .
CONCLUSIONS
Many different groups of protists capture single prey items using a variety of capture mechanisms. Dinoflagellates often use capture filaments, while haptophytes often use the haptonema for prey capture (Kawachi et al. 1991 , Hansen & Calado 1999 . The cyclotrichs, including Mesodinium spp., use extrusomes for prey capture. Our knowledge of the mechanisms of prey selection in many protist predators which rely on single prey capture is very limited. While some studies indicate chemical as well as mechanical cues for detection of prey items (Jacobson & Anderson 1986 , Hansen & Calado 1999 , Naustvoll 2000a ,b, Jakobsen et al. 2006 , Riisgaard & Hansen 2009 ), the role of capture success of such predator types is largely unexplored (e.g. Jakobsen et al. 2006) . In M. pulex, we show that prey species with a similar size are ingested at very different rates, suggesting that the cell surface of the prey is important in avoiding being consumed by predators like Mesodinium spp. Much more work is needed on this topic and its significance in species succession, prey/predator population dynamics and carbon flow in marine waters.
An unexpected result of our study was the apparent role of light in ingestion and growth of Mesodinium pulex. Our hypothesis of a significant role of photosynthesis in the growth and survival of M. pulex was rejected. Thus, our data instead support the suggestions by Skovgaard (1998) and Strom (2001) that light plays a direct role in the digestion of prey by heterotrophic protists. Most studies dealing with the growth and grazing rates of heterotrophic ciliates have been carried out in complete darkness or at very low levels of irradiance (< 25 μmol photons m -2 s -1 ; Verity 1991, Montagnes et al. 1996 , Jeong et al. 1999 , Gismervik 2005 . The reasons for the incubation of such experiments at low or no light among most researchers have primarily been reduction of prey growth rate during the experiments and the fact that light has not been considered an important factor for grazing of entirely heterotrophic protists. If light turns out to play an important role in the digestion of prey by protists in general it may have considerable implications for the application of ingestion data from laboratory experiments to field abundances of protists aiming to estimate the role of protists in microbial food webs (e.g. Hansen et al. 1997 ). Thus, work on this topic is strongly urged. 
